Much recent evidence indicates that protein synthesis takes place on the ribonucleoprotein particles now commonly known as ribosomes. Both in-vitro and in-vivo experiments with radioactive amino acids have produced evidence that peptide linkages are formed on ribosomes and that the growing polypeptide chains remain attached to ribosomes until their completion. A question thus poses itself: What fraction of the total protein of the ribosomes consists of growing or newly completed polypeptide chains, and what is the chemical nature of the remainder of the ribosomal protein, which may be regarded as a structural component of the ribosomes? Calculations from the amount of bound amino acids in in-vitro experiments suggest that the growing peptide chains represent approximately 0.1 per cent of the total ribosomal protein.1' 2 This figure, however, might seriously underestimate newly made protein, if some does not immediately leave the ribosomes but remains attached for an indefinite time. In the work presented here, this problem is directly attacked by examining E. coli ribosomal protein for its amino-terminal groups. Only two major end groups are found, methionine and alanine. Ribosomal protein thus appears not to be a random sample of total cellular protein but on the contrary, a class (see below) of basic proteins which quite possibly serves the role of maintaining ribosomal RNA in a suitable configuration for protein synthesis.
There exist four main varieties of E. coli ribosomes, with sedimentation constants of 30 S, 50 S, 70 S, and 100 S.3-5 Each type contains about 63 per cent RNA and 37 per cent protein. At suitable magnesium ion concentration, one 30 S and one 50 S ribosome combine to form a 70 S ribosome, while the 100 S ribosome is a dimer of two 70 S ribosomes which forms at higher magnesium ion concentration. We have examined the amino end groups of the protein from both 70 S ribosomes and its 30 S and 50 S subunits by the fluorodinitrobenzene (FDNB) method of Sanger.6 Preparation of Ribosomal Proteins.-The three types of particles were prepared as previously described. 3 The protein fractions which were used for NH2-terminal group analysis were prepared by the acetic acid procedure.7 Two volumes of cold glacial acetic acid were added to a cold solution of ribosomes (1-3% by weight), and the RNA which immediately precipitated was kept in the form of a fine suspension in a teflon homogenizer. After 45 minutes at 2-4', the RNA precipitate was collected by centrifugation; the supernatant solution was dialyzed in the cold to remove most of the acetic acid (as well as any free amino acids or small peptides which may have been associated with the ribosomes) and freezedried in order to recover the protein. In this manner, protein preparations containing about 85 per cent of the total protein of the ribosomes were obtained. The remainder of the protein was retained in the RNA precipitate and could not be extracted from it even after repeated washing with 67 per cent acetic acid. This protein fraction has since been separately isolated by another method (J.-P. Waller, unpublished data), and preliminary studies indicate that it is essentially similar in end groups, and not greatly dissimilar in amino acid composition, to the main acetic acid-soluble protein fraction.
NH2-Terminal Group Analysis.-The protein extracted with 67 per cent acetic acid showed a marked tendency to aggregate, with resulting insolubility over a wide range of pH. Coupling reactions with FDNB reagent6' 8 were accordingly carried out in the presence of either 8 M urea or 6 M guanidine hydrochioride. In most cases, the protein (20 mg in 1 per cent solution) was allowed to react with FDNB in 0.1 M NaHCO3 containing 8 M urea (pH 8.7) at 400 for four hours. The DNPprotein was precipitated with HCl, collected by centrifugation, and washed suc cessively with N HCl, acetone, and ether. It was then hydrolyzed in a sealed evacuated tube with constant boiling HCl for 12 hours at 110°, and the DNP -derivatives of its NH2-terminal amino acids were identified and estimated according to the method of Levy.8 Special hydrolyses were performed for the estimation of DNP-proline and DNP-glycine.
Results.-The results obtained in a series of experiments with protein preparations from 70 S 50 S, and 30 S ribosomes are summarized in Table 1 . In all cases, alanine and methionine, the latter in slight excess, were found to be the major NH2-terminal amino acids, and collectively they account for about 85 per cent of the total end groups found. Smaller amounts of DNP-serine and threonine and traces of DNP-aspartic and glutamic acids were also found. Although these occurred in relatively minor amounts, they were nevertheless obtained consistently and in reproducible proportions from several different preparations of 70 S ribosomes. The fact that they also occur in the proteins from both 30 S and 50 S ribosomes suggests very strongly that they represent the NH2-terminal groups of genuine protein chains in the ribosomes. These results, in agreement with the results of quantitative amino acid analyses,9 also reveal a remarkable similarity between the protein moieties of the three types of nucleoprotein particles.
The possibility that the minor end groups arise through degradation of the, protein, either during the isolation procedure or during its subsequent reaction with FDNB, has been considered, but the results of suitably designed control experiments do not support this view. When, for example, ribosomal protein was isolated by a procedure'0 which involves the use of 4 M urea at pH 7.3 and 200, the minor end groups were found to occur in the same proportions as had been found for the protein prepared by the acetic acid procedure. There was no increase in the amounts of minor end groups when the FDNB reaction was carried out in 8 M urea at pH 8.7 and 400 for 4 hours (i.e., standard conditions), or 12 hours, respectively. The same end group values were also obtained when the FDNB reaction was carried out in 6 M guanidine hydrochloride at pH 7.3 and room temperature for 5 hours or 12 hours respectively. When appropriate corrections are applied to account for hydrolytic and chromatographic losses incurred during the DNP procedure, a value of about 25,000 may be calculated for the average molecular weight of the constituent protein chains in ribosomes. The calculation is based on the recoveries of the two major end groups, which were estimated by hydrolyzing the appropriate DNP-amino acid in the presence of DNP-protein (from 70 S ribosomes). For DNP-alanine and DNP-methionine (including methionine sulfoxide), the mean recovery values for two determinations were 77.1 (±0.8) per cent and 79.3 (±1.8) per cent respectively. Recoveries of the minor groups were not estimated, but they should not significantly alter the results in Table 1 .
In arriving at the average molecular weight value of 25,000, we have made the following assumptions: (a) that all the protein chains possess NHrterminal amino acids wbich are free to react with FDNB, and (b) that the DNP-amino acids which we have identified and estimated represent genuine NH2-terminal residues of the protein. Further work involving a much more comprehensive analysis of the protein is being undertaken to establish the validity of these assumptions.
The results obtained by the FDNB method were confirmed when the paper strip modification" of the phenylisothiocyanate method" was applied to ribosomal protein. In this manner, alanine and methionine were again found to be the major tives of the NH2-terminal amino acids) was found to be 26,000, a value in good agreement with that obtained by the FDNB method.
Fractionation of the protein from E. coli ribosomes (70 S): In order to further investigate the composition of E. coli ribosomal protein in the light of the NH2-end group results, the protein has been submitted to various fractionation procedures, including starch gel electrophoresis"2 and ion-exchange chromatography. When acetic acid-soluble protein from ribosomes or intact 70 S ribosomes are submitted to starch gel electrophoresis in the presence of 6 M urea at pH 5.6, a complex pattern of at least 20 bands appears on staining with amido black (Fig. 1) . The possibility that aggregation may be responsible for the complexity of this pattern has been considered, but it appears most unlikely on the basis of the following results:
(a) When acetic acid-soluble protein, adsorbed on a column of carboxymethylcellulose13 in a solution of 0.01 N HCl in 6M urea (pH 3.32) at 20 is eluted by progressively lowering the pH to 2.50, the protein can be recovered in two distinct chromatographic peaks, I and II. Starch gel electrophoresis in 6 M urea at pH 5.6 of the material from the two peaks (recovered after extensive dialysis against water and freeze-drying) shows a separation into two distinct sets of bands, which to- The bands in the overlapping region of (a) and (b) appear to be two distinct sets of bands, the combination of which accounts for the intense staining in the same area of the unfractionated protein. This apparent is ascribed to the influence of the carboxyl groups of the protein. While these were only partly ionized during chromatography in acid pH, they are fully ionized during electrophoresis at pH 5. 6. gether account for all the bands observed in the unfractionated protein (Fig. 2) . The more basic bands are from the material in peak II, in accordance with its chromatographic behavior on carboxymethyl-cellulose.
(b) As a further control, the material eluted from carboxymethyl-cellulose in the system described above was subdivided into ten arbitrary fractions from successive portions of the effluent in the order of increasing acidity. The protein from each of these fractions was isolated by extensive dialysis against water and freeze-drying and was submitted to starch gel electrophoresis in 6 M urea at pH 5.6. In spite of a considerable overlap of the bands from immediate neighboring fractions, a clear separation into small groups of bands, with increasingly basic properties from fraction 1 to 10, was observed. There was no apparent evidence of re-aggregation.
The proteins from peaks I and II, derived from chromatography on carboxymethyl-cellulose as described above, were separately examined for NH2-terminal groups by the FDNB method. Alanine and methionine end groups were present in both fractions. The results clearly indicate that in ribosomes the protein chains possessing an NH2-terninal methionine (or alanine) residue are not all chemically identical.
Discussion and Summary.-NH2-terminal group analyses on E. coli ribosomal protein indicate the presence of two major end groups: methionine and alanine. The results are consistent with the view that ribosomal protein is not a random sample of total cellular protein but, on the contrary, a class of basic proteins which quite possibly serves the role of maintaining ribosomal RNA in suitable configuration for protein synthesis.
The constituent protein chains of ribosomes, with an average molecular weight of 25,000, thus fall into two major classes: those chains with methionine as NH2-terminal residue and those with alanine. From the results of fractionation experiments, it is further apparent that Within each of these two major classes not all chains are chemically identical. The extent and significance of the chemical differences between chains possessing the same NH2-terminal residue are now being investigated. It is of interest to note that, in this respect, E. coli ribosomal protein bears a striking resemblance to calf thymus histone, where a simple amino end group picture (with alanine and proline accounting for over 90 per cent of the end groups14) is likewise accompanied by a complex protein composition.16
